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Abstract
Hard exclusive electroproduction ofπ+π− pairs off hydrogen and deuterium targets has been studied by the HER
experiment at DESY. Legendre moments〈P1〉 and〈P3〉 of the angular distributions ofπ+ mesons in the center-of-mass fram
of the pair have been measured for the first time. Their dependence on theπ+π− invariant mass can be understood as be
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thedue to the interference between relativeP -wave (isovector) andS-, D-wave (isoscalar) states of the two pions. The increas
magnitude of〈P1〉 as Bjorkenx increases is interpreted in the framework of generalized parton distributions as an enhan
of flavour non-singletqq̄ exchange for larger values ofx, which leads to a sizable admixture of isoscalar and isovector
pairs. In addition, the interference betweenP -wave andD-wave states separately for transverse and longitudinal pion
has been studied. The data indicate that in thef2(1270) region at〈Q2〉 = 3 GeV2 higher-twist effects can be as large as
leading-twist longitudinal component.
 2004 Published by Elsevier B.V.















































TheMuch of our current knowledge of the quark–glu
structure of the nucleon comes from inclusive a
semi-inclusive deep inelastic scattering experime
from which parton distribution functions can be e
tracted. However, our understanding of quark–glu
dynamics can be extended considerably by meas
ments sensitive to the generalized parton distributi
(GPD) [1–3], which also describe the dynamical co
relations between partons with different momenta.
perimentally, GPDs can be investigated through
analysis of hard exclusive processes such as the
duction of mesons by longitudinal virtual photons. U
der these conditions the amplitude factorizes int
hard scattering term governed by perturbative Q
and two soft parts, the GPDs for the nucleon a
the distribution amplitude for meson formation[4,5].
Hard exclusive electroproduction ofπ+π− pairs is
sensitive to the interference between isospinI = 1 and
I = 0 channels, and provides a new constraint on
tain combinations of GPDs.
This Letter reports the first experimental data
hard exclusiveπ+π− pair production
(1)e+p → e+pπ+π− and e+d → e+dπ+π−.
For the proton target, the results are interpreted in
GPD framework by comparing with predictions[6–8],
thus providing valuable information for further mo
elling of GPDs. So far, predictions exist only for th
proton target. Exclusive pair production includes co
tributions from both two-gluon and quark–antiqua
(qq̄) exchange mechanisms.
The relevant diagrams at leading twist, which m
involve both resonant and non-resonant channels
shown in Fig. 1. The Primakoff processγ γ  →
π+π− is not shown, because it is expected to c
tribute negligibly to the production of pions pairs wi
helicity zero or one[9], and the analysis reported he-
is insensitive to helicity two. Previous work[10] has
shown that resonantπ+π− production via longitudi-
nal ρ0 decay in the kinematical region covered by t
HERMES experiment occurs primarily through tw
quark exchange with the target. In the present m
general case, theqq̄ exchange mechanism gives ri
to pion pairs with the values of the strong isospinI ,
total angular momentumJ , andC-parity of either aρ-
meson (I = 1, J = 1,3, . . . ,C = −1), or anf -meson
(I = 0, J = 0,2, . . . ,C = +1). Theqq̄ exchange with
C = +1 (C = −1) is described by flavour single
(non-singlet) parton combinations[11], and due toC-
parity conservation theπ+π− pairs so formed hav
C = −1 (C = +1). The competing two-gluon chan
nel gives rise to pion pairs with the quantum numb
of the ρ-meson family only. Pion pairs are forme
from either quarks (Fig. 1(a)–(c)) or gluons (Fig. 1(d))
produced in the perturbative hard part of the react
Since the cross section for isovectorπ+π− production
is much larger than for the isoscalar case, it is d
cult to obtain experimental data on the isoscalar ch
nel. One possible solution would be to study exclus
π0π0 production, but this requires a large experim
tal acceptance. With charged pions, the interfere
between the two isospin channels can also prov
information on the weaker isoscalar channel at the
plitude level.
For the purpose of studying the interference
tween π+π− production in P -wave (I = 1) and
S-, D-wave states (I = 0), the Legendre momen
〈P1(cosθ)〉 and〈P3(cosθ)〉 are particularly useful be
cause they are sensitive only to such interference.
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torFig. 1. Leading twist diagrams for the hard exclusive reactione+T → e+T ′π+π−. Gluon exchange (a) gives rise to pions in the isovec























aswhereθ is the polar angle of theπ+ meson with re-
spect to the direction of theπ+π− pair in the center-
of-momentum frame of the virtual photon and targ
nucleon. The moments〈P1〉 and〈P3〉 have been evalu
ated as a function of the pion pair invariant massmππ ,
and the Bjorken variablex = Q22νMP , where−Q2 is the
squared four-momentum of the initial virtual photo
MP is the proton mass andν is the virtual photon en
ergy in the target rest frame. Experimentally,〈Pn〉 is
the average ofPn(cosθi) for all eventsi grouped in














in which ρ is the spin density matrix of the pion pa
whose diagonal entriesρJJλλ give the probability of
producing it with angular momentumJ and longitu-
dinal projectionλ, and whose off-diagonal terms d
scribe the corresponding interference terms. If pa
is conservedρJJ
′







[12]. The contributions forJ > 2 are expected to b
negligible in themππ -range covered by HERMES
















In particular,〈P1〉 is sensitive toP -wave interference
with S- andD-waves, whereas〈P3〉 is sensitive to only
P -wave interference with aD-wave.
The relevant factorization theorem[4] has been
proved only for longitudinal virtual photonsγ ∗L inleading twist. Contributions from transverse photo
γ ∗T and other higher-twist effects are suppressed
powers of 1/Q. Therefore, the longitudinal termsρ2100
andρ1000 in Eqs.(4a) and (4b)are expected to be dom
inant in themππ region far from thef2 meson, where
the higher-twist termρ2111 can be neglected. On th
other hand, in the region of thef2 resonance the pos
sible ρ2111 contribution can be eliminated by taking
















Assuming s-channel helicity conservation, such t
the 0-helicity photonγ ∗L produces aπ+π− pair with
0-helicity, onlyρ00 states are populated byγ ∗L. In this
case, the combination〈P1 + 73P3〉 would be sensitive
to longitudinal photons only. In thef2 region, far from
theρ0 andf0 resonances, the termρ1000 is expected to
vary very slowly withmππ , making no contribution to
any structure appearing in this combination.
In themππ region of thef2 meson, another comb
















Hence, the transverse higher-twistρ2111 and longitudi-
nal leading-twistρ2100 contributions to the Legendr
moments in thef2 domain can be disentangled b
comparing the combinations given above.
The data were collectedwith the HERMES spec
trometer[13] during the running period 1996–200
The 27.6 GeV HERA positron beam at DESY w




Fig. 2. Panel (a): distribution ofπ+π− events versus
E for hydrogen with 0.60< mππ < 0.95 GeV. The data are represented by the s
circles, while the simulated (SIDIS) background is represented by the histogram. The Monte Carlo results are normalized to the data using
region of the spectrum above
E > 2 GeV. Panel (b): yield of the exclusive events asobtained by subtracting the normalized Monte Ca
events from the data. The result (thin line) of an arbitrarily normalized Monte Carlo simulation using the diffractiveρ0 DIPSI generator is








































hescattered off hydrogen and deuterium targets. Ev
were selected with exactly one positron track a
two oppositely charged hadron tracks with moment
> 1 GeV, requiring that no additional neutral cluste
occur in the calorimeter. Positrons were distinguish
from hadrons with an average efficiency of 98%, a
a hadron contamination below 1%, over the wh
kinematic range. In order to ensure a hard scatte
process, the constraintsQ2 > 1 GeV2 andW > 2 GeV
were imposed, whereW is the invariant mass of th
virtual photon–nucleon system.
When studying themππ -dependence of the Lege
dre moments, the requirementx > 0.1 was imposed to
suppress the contribution from gluon-exchange r
tive to that fromqq̄ exchange[6]. However, when an
alyzing thex-dependence of the Legendre momen
the wholex-range accessible to HERMES was use
Since the recoiling target nucleon is not detec
in the present HERMES apparatus, exclusive ev
were selected by restricting the quantity
E = (M2X −
M2targ)/2Mtarg, in which MX is the missing mass, an
Mtarg is the nucleon target mass. A
E distribution
peaked at zero is a clear signature of exclusive prod
tion, while larger
E values indicate non-exclusiv
events. For scattering off nuclei, one can have ei
incoherent scattering from individual nucleons insthe target (Mtarg ≈ MN ) or coherent scattering from
the entire nucleusA (Mtarg ≈ MA). For scattering off
deuterium, incoherent scattering is found to domin
for HERMES kinematics[14]; thereforeMtarg was
chosen to be the proton mass throughout the en
analysis. All detected hadrons have been treated a
ons.
In the 
E spectrum, the resolution due to instr
mental effects ranges between 0.260 and 0.380 G
depending on the data production year. Thus, eve
low 
E the sample is contaminated by non-exclus
processes. This background yield was assumed t
semi-inclusive deep inelastic scattering (SIDIS) eve
and was evaluated by first calculating the
E distribu-
tion of SIDIS events with a lepto Monte Carlo simul
tion [15,16], and then normalizing it to the data in th
range
E > 2 GeV. The effect of varying this norma
ization region was treated as a systematic uncerta
contribution.Fig. 2shows the normalized Monte Car
distribution in
E compared to the data, and their d
ference. The simulated background shape is in ag
ment with the data at large
E, while at small
E
the data show a surplus due to the presence of the
clusive process not included in that Monte Carlo s
ulation. Comparison of the exclusive peak in the d
with the result of a Monte Carlo simulation using t



























































sultsdiffractive ρ0 DIPSI generator[17] reveals an exces
at 
E ≈ 1.5 GeV. This excess can be explained
the combined contributions ofρ0 production via sin-
gle and double-dissociation of the proton as descri
in Ref. [18], and of radiative corrections[19], which
all three are not simulated by the DIPSI Monte Car
In order to evaluate the background contribut
to the exclusive signal, the experimental and the n
malized Monte Carlo yields were separately integra
up to a limiting 
E value 
Ecut, resulting inNtot
and NMC, respectively. The value of
Ecut was op-
timized by requiring the ratio of the exclusive sign
NSg = Ntot − NMC over the background (NSg/NBg)
to be large, and the relative statistical uncertai

NSg/NSg to be small. The optimized
Ecut value
for both targets is 0.625 GeV. Below the chosen
Ecut
value, the SIDIS contamination is found to range
tween 2% and 65% of the total events, depending
mππ andx. In particular, this contamination is small
mππ values aroundmρ0, and increases at smaller a
larger invariant mass values.
The SIDIS model does not account for contam
nation from other processes. In order to suppress
ω → π+π−π0 decay at lowmππ , as explained below
a more severe
Ecut was applied than the value op
mized for the SIDIS background. The final
Ecut val-
ues used in this analysis for both targets are 0.125 G
for mππ  0.60 GeV, and 0.625 GeV for 0.60 <
mππ  1.40 GeV.
The limited
E resolution does not allow for th
complete suppression of single and double-disso
tion processes. An example is the process in wh
the nucleon is left in a∆ resonance state that deca
with an unobserved pion. The contamination from s
gle and double-dissociation was estimated by shif
the value of
Ecut by 0.5 GeV, from a low value
of 0.125 GeV where this contamination is negli
ble, to a relatively large value, 0.625 GeV, where t
background is possibly substantial. This effect was
cluded in the systematic uncertainty.
The contamination from baryon excitations su
as e+p → e+π∆ → e+pπ+π−, which have been
found to contaminate the processe+p → e+pπ+π−
at lower energy andW values[20], in the HERMES
kinematics were found to be negligible in a Dalitz-p
analysis[21].
The contamination of exclusiveK+K− pairs from
φ(1020) meson decay, which appears in the evyield at mππ ≈ 0.35 GeV, is entirely eliminated b
applying the additional cutmKK > 1.06 GeV. Here
mKK is the invariant mass of the two hadrons wh
they are treated as kaons. Similarly, the contam
tion of φ → KSKL, with KS detected through it
decay inπ+π−, by using a Monte Carlo DIPSI sim
ulation was found to be entirely absent within t
chosen
Ecut values. The channelω → π+π− and
exclusive non-resonantK+K−2 production were esti
mated to contaminate the signal by less than 0.3%
1.5%, respectively, and were neglected. The dec
φ → π+π−π0,3 with the π0 outside the acceptanc
gives a contamination of less than 1%. A conta
nation of about 18% from the decayω → π+π−π0,
with only the charged tracks detected, yields a
constructedmππ distribution centered at 0.45 Ge
with a Gaussian width of approximately 0.075 Ge
[22]. This contribution to the yield was suppress
by imposing
E < 0.125 GeV in the regionmππ 
0.6 GeV. The effect of the remaining contamin
tion was taken into account in the systematic unc
tainty of the relevant bins. All the above estimatio
of these additional background components are s
compared to the background predicted by the SID
model.
After applying all event selection requiremen
4.8 × 103 (7.2 × 103) π+π− events remained for th
mππ -dependence analysis withx > 0.1, and 11.0 ×
103 (13.3× 103) events for thex-dependence analys
for hydrogen (deuterium). The invariant mass spe
for hydrogen and deuterium with
E < 0.625 GeV,
x > 0.1, andmKK > 1.06 GeV are shown inFig. 3.
In each of the analyzed bins,〈Pn〉data was eval-
uated within the chosen exclusive
E region, with
no background subtraction. The values of〈Pn〉SIDIS
for the background events were extracted from
data for
E > 2 GeV, where SIDIS events dominat
These values were found to be consistent when e
uated in three different
E bins: 2< 
E < 4 GeV,
4 < 
E < 6 GeV, and
E > 6 GeV. The moment






2 This contamination has been estimated by comparing re
from the data and the Monte Carlo simulation of SIDIS events.
3 Including the resonant channelφ → ρπ → π+π−π0.
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Fig. 3. Invariant mass spectrum for hydrogen (left) and deuterium (right) for
E < 0.625 GeV (solid points) and
E < 0.125 GeV (shaded
area). For both spectra, the requirementx > 0.1 has been applied. For both targets, themππ -spectrum for
E < 0.125 GeV is normalized and


























er-in which r is the ratio of integrated exclusive data




A Monte Carlo generator based on the GPD fram
work for the hardπ+π− exclusive process does n
exist. Therefore the DIPSI generator was used to e
uate the effects of geometric acceptance and ins
mental smearing on the Legendre moments, wh
were both found to be negligible[21]. This Monte
Carlo simulation is in good agreement with the kin
matic distributions of exclusiveρ0 mesons observed a
HERMES.
The analyzed moments might be sensitive to
diative corrections that affect the cosθ angular distri-
bution. Forρ0 decay, which dominates in the cro
section for exclusiveπ+π− production, the angula
distribution depends linearly only on the vector sp
density matrix elementr0400. In previous work[23] the
relative correction ofr0400 for radiative corrections ha
been evaluated, and found to be less than 0.3%
〈Q2〉 ≈ 3 GeV2 in the kinematics of the H1 and ZEU
experiments. At largerx, where the HERMES analy
sis is performed, they are even smaller. As a resu
these considerations, radiative corrections effects h
been neglected in this analysis.
The mππ -dependence of〈P1〉 and〈P3〉 for exclu-
siveπ+π− production off hydrogen and deuteriumTable 1
Average values for〈Q2〉, 〈−t〉, and〈x〉 measured in themππ - (up-
per table) andx- (bottom table) dependence of Legendre mome
for hydrogen and deuterium targets
mππ -dependence analysis
Target 〈Q2〉 [GeV2] 〈−t〉 [GeV2] 〈x〉
H 3.2 0.43 0.16
D 3.3 0.29 0.16
x-dependence analysis
〈mππ 〉 = 0.48 [GeV] 〈mππ 〉 = 0.77 [GeV]
Target 〈Q2〉 [GeV2] 〈−t〉 [GeV2] 〈Q2〉 [GeV2] 〈−t〉 [GeV2]
H 2.3 0.42 2.1 0.27
D 2.3 0.39 2.1 0.22
presented inFig. 4, for x > 0.1. The average value
of Q2, −t , andx for both targets in this domain ar
reported inTable 1. For mππ < 1 GeV, the moment
are similar for the two targets. In each panel for〈P1〉,
the region 0.8< mππ < 1.1 GeV is shown as an inse
with finer binning to better investigate possible con
butions from the narrowf0(980) resonance.
The values for〈P1〉 differ significantly from zero,
and depend strongly onmππ . At small invariant mass
i.e., close to the threshold 2mπ , this non-zero mo-
ment is interpreted as originating from the interf




Fig. 4. Themππ -dependence of the Legendre moments〈P1〉 (upper panels) and〈P3〉 (lower panels) for hydrogen (left panels) and deuterium
(right panels), forx > 0.1. The region 0.8 < mππ < 1.1 GeV is presented with finer bins to better investigate possible contributions from
narrowf0(980) resonance, as shown in the insert. In the upper panels, leading twist predictions for the hydrogen target including the two-gluon
exchange mechanism contribution, LSPG[6,7] (solid curve) atx = 0.16 are shown. A calculation without the gluon exchange contributio
shown for limitedmππ values, LPPSG[8] (open squares atx = 0.1, open triangles atx = 0.2). In these calculations, the contribution fromf0
meson decay was not considered. Instead, the inset panel for the hydrogen target shows the prediction from[25], which includes thef0 meson
contribution. All experimental data have〈x〉 = 0.16, 〈Q2〉 = 3.2 (3.3) GeV2, and〈−t〉 = 0.43 (0.29) GeV2 for hydrogen (deuterium). Th





d byence between the lower tail of the isovectorρ0(770)
(P -wave) with theS-wave non-resonantπ+π− am-
plitude. Atmππ values aroundmρ0, the absolute value
of this quantity shows a minimum, which is explain
in terms of the overwhelming dominance ofρ0 vector
meson production in the denominator of the mome
The increase of the size of〈P1〉 at larger invariant
mass is due to the interference of the upper tail ofρ0 with the non-resonantπ+π− S-wave production
At mππ ≈ 1 GeV, the observed oscillation in hydr
gen〈P1〉 suggests an interference between theρ0 tail
and theS-wave π+π− production from the narrow
f0(980) resonance. Moreover, in thef2(1270) me-
son region, the data suggest a sign change cause
the interference between theρ0 upper tail and thef2
(D-wave).
220 HERMES Collaboration / Physics Letters B 599 (2004) 212–222
tic
Fig. 5. Themππ -dependence of〈P1 + 7/3 · P3〉 (upper panels) and〈P1 − 14/9 · P3〉 (lower panels) for hydrogen (left panels) and deuterium
(right panels). The data have〈x〉 = 0.16, 〈Q2〉 = 3.2 (3.3) GeV2, and〈−t〉 = 0.43 (0.29) GeV2 for hydrogen (deuterium). The systema

















isThe Legendre moment〈P3〉 is sensitive only to the
interference ofP -wave andD-wave states inπ+π−
production. Consistent with the expectation that
resonance decay intoπ+π− pairs in D-wave states
occurs formππ  1 GeV, no interference is observe
in this invariant mass region. The〈P3〉 moment for
deuterium increases in magnitude in thef2(1270)
meson region. A sign change is also prominen
visible, reflecting the interference of theP -wave
andD-wave resonantπ+π− channels. On the othe
hand, no such signature is evident in the hydro
data.
In Fig. 4themππ -dependence of〈P1〉 for hydrogen
is compared with theoretical calculations based on thGPD framework, with[6,7] (solid curve) and withou
[8] (open points) the inclusion of the two-gluon e
change mechanism. A possible contribution from
f0 meson was not considered in the calculations.
calculations include only the longitudinal compone
σL of the π+π− cross section, while in this analy
sis no separation between theσL andσT contributions
could be made. TheσT contribution to the total cros
section forρ0 production is estimated to be appro
imately 60%[18]. The reasonable agreement of t
leading twist predictions for themππ -dependence o
the 〈P1〉 data may tentatively be understood as a
ing from the cancellation of higher twist effects in th
moment[24].
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PSG
Fig. 6. Thex-dependence of the Legendre moments〈P1〉 for both targets separately, in the regions 0.30< mππ < 0.60 GeV (left panel) and
0.60< mππ < 0.95 GeV (right panel). The systematic uncertainty is given by the error band. Theoretical predictions (stars) from LP[8]































heTo date, thef0 contribution is taken into accoun
only by Ref. [25], where the discussion is restricte
to diffractive physics at center-of-mass energies lar
than 100 GeV. Nevertheless, to demonstrate the po
ble effect of this resonance, the comparison with th
predictions for〈P1〉 on hydrogen is shown in the pan
insert ofFig. 4.
In order to study the contribution of thef2 reso-
nance to the Legendre moments in more detail,
mππ -dependence of the purely longitudinal combin
tion 〈P1 + 73 · P3〉 is presented inFig. 5 for both hy-
drogen and deuterium. For comparison, this figure a
shows the combination〈P1− 149 ·P3〉 which is believed
to be dominated by the higher-twist transverse con
bution to the excitation of thef2 resonance. The com
parison between these two distributions suggests
the higher-twist transverse contribution to the Leg
dre moments in thef2(1270) region is possibly as
large as the longitudinal leading-twist production.
The x-dependence of〈P1〉 is shown inFig. 6 for
both targets in two regions ofmππ : 0.30 < mππ <
0.60 GeV and 0.60< mππ < 0.95 GeV. The statis
tical precision at larger values ofmππ is insufficient
for such a presentation. The average values ofQ2, −t ,
and x for both targets in thesemππ regions are re
ported inTable 1. In both invariant mass regions an
for both targets,〈P1〉 is non-zero, which we interpreas originating from the interference of resonantρ0
P -wave with non-resonantS-wave π+π− produc-
tion. The moment increases in magnitude withx,
suggesting that the exchange of flavour non-sin
quark combinations (C = −1) becomes competitiv
with the dominant singlet exchange (C = +1). Pre-
dictions with only the quark exchange mechani
in the GPD framework[8] are compared with th
data, and are found to be in fair agreement w
them.
In summary, the Legendre moments〈P1(cosθ)〉
and 〈P3(cosθ)〉 for exclusive electroproduction o
π+π− pairs have been measured for the first ti
for hydrogen and deuterium targets. The data sh
signatures of the interference between the domin
isospin stateI = 1 (P -wave) andI = 0 (S-, D-wave)
of these pion pairs. The interference of theρ0 am-
plitude with the non-resonantS-wave and resonan
D-wave states appears to be larger than the inte
ence with the resonantf0 S-wave. In thef2 region, the
combinations〈P1 + 7/3 · P3〉 and〈P1 − 14/9 · P3〉 are
sensitive to the longitudinal and the transverse st
of a D-waveπ+π− pair, respectively. Comparison o
these combinations suggests that, at〈Q2〉 = 3 GeV2,
the higher-twist transverse contribution to the Leg
dre moments in thef2 domain can be as large as t
leading-twist longitudinal contribution.

































Y-These results constrain models for generalized
ton distributions, and may allow, by comparing t
data with a larger statistical significance with the m
accurate next-to-leading order predictions with and
without the inclusion of the two-gluon mechanis
the separation of the contributions of two-gluon a
qq̄ exchange mechanisms, which are connected to
quark and gluon content of the nucleon.
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